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I. Introduction
One of the basic principles of trait-based plant ecology is the tradeoff between plant growth and survival (Grime, 1977; Kobe et al., 1995; Craine, 2009 ). This trade-off implies that plants invest in trait attributes that allow either fast resource acquisition and therefore fast growth, or defence and conservation of acquired resources such as carbon (C), nitrogen (N) and phosphorus (P) which allow survival under adverse conditions. The growthsurvival trade-off has been demonstrated clearly in leaf traits that span a continuum from acquisitive to conservative leaves (Reich et al., 1992; Wright et al., 2004) . On the one hand, the former are characterised by a high specific leaf area (leaf area per leaf mass, SLA), high assimilation and respiration rates, and high nutrient concentrations, which enhance both light interception and C fixation ( Fig. 1 ). These acquisitive traits come at the expense of large resource losses due to high metabolic rates, increased susceptibility to herbivory and short lifespan. On the other hand, conservative leaves are equipped for long-term resource retention by having high tissue densities and low respiration rates. These traits enhance their lifespan, but decrease their light interception efficiency and photosynthetic rates (Reich et al., 1992 (Reich et al., , 1999 Wright et al., 2004) . This so-called leaf economics spectrum (LES, Wright et al., 2004) has been successfully linked to plant performance (Reich et al., 1998; Poorter & Bongers, 2006) , species distribution and interactions (Sterck et al., 2006) , and ecosystem processes (Reich et al., 1997; D ıaz et al., 2004 Grigulis et al., 2013) . Currently, research efforts are directed to test whether the fineroot traits of trees can be positioned within a similar framework, that is, the root economics spectrum (RES) (e.g. Comas & Eissenstat, 2004 , 2009 Withington et al., 2006; McCormack et al., 2012; Chen et al., 2013; Kong et al., 2014; Liu et al., 2015; Valverde-Barrantes et al., 2015) . Based on assumed trait coordination between above-and belowground organs, it has been hypothesised that root functional traits can also be grouped in trait syndromes associated with fast resource acquisition or enhanced resource conservation. This search for an RES similar to the LES builds on the premise that acquisitive leaves with high evaporative demand and photosynthetic rates require acquisitive roots to ensure sufficient water and nutrient supply to maintain these processes, and ultimately to achieve fast plant growth (Eissenstat, 2002; Reich, 2014) . Conversely, plants that have conservative leaves with lower water and nutrient requirements, but also lower photosynthetic rates, should retain resources longer. They may thus require long-lived roots with lower respiration and uptake rates, resulting in slow plant growth. It is therefore hypothesised that leaf traits are matched by parallel root traits along the acquisitive-conservative resource spectrum (Grime et al., 1997; Reich et al., 2008; Freschet et al., 2010; Liu et al., 2010; Reich, 2014; Valverde-Barrantes et al., 2015) .
As already demonstrated for leaves in the LES, an RES could offer a relevant framework to provide further insights into plant, vegetation and ecosystem processes, and responses to the soil environment and global change. For example, the grouping of species along an RES could help to understand their performance (growth and survival) or distribution across soil resource gradients. However, the existence of an RES analogous to the LES is currently debated, because of contradictory results within and among studies (e.g. Withington et al., 2006; McCormack et al., 2012; Mommer & Weemstra, 2012; Chen et al., 2013; Kong et al., 2014) . This study aims to clarify the uncertainty concerning the existence of an RES by reviewing the available evidence for the RES hypothesis within individual studies and by performing a meta-level analysis (Smith et al., 2015) to test the RES hypothesis across those studies. In addition to root trait relationships, we also reviewed the literature on correlations between the leaf and root traits of the LES and of the RES. This study focuses on the fine-root traits of trees. This is important as recent papers show that for herbaceous species, root trait correlations provide a better match with the RES than for woody species (Roumet et al., 2016) . This suggests that root trait correlations may be fundamentally different for woody species. Our literature review is based on 18 studies that compared the root traits expected to play a role in an RES across more than two tree species (Supporting Information Table S1). Our meta-level analysis was carried out on a subset of 14 studies (Table S1) , because not all studies provided root trait data at the individual species level, and one study already comprised a meta-analysis. This meta-level analysis was based on raw data and did not include calculating effect sizes, and therefore does not comply with the standards of a meta-analysis (Vetter et al., 2013; Koricheva & Gurevitch, 2014) .
II. The root economics spectrum
The root traits expected to feature in the RES are based on a parallel with the key leaf traits in the LES: SLA, leaf N content, maximum photosynthetic rate, respiration rate and leaf lifespan (Fig. 1) . These traits are related to three leaf processes involved in plant growth and survival. First, SLA relates to leaf resource interception at a given biomass investment. Second, leaf N content, photosynthetic rate and respiration rate are related to leaf C gain. Third, leaf lifespan refers to the conservation of biomass. Assuming functional similarity between leaves and fine roots, the critical fine-root traits in the RES are therefore expected to be: specific root length (root length per root mass, SRL), root N content, root water and nutrient uptake rate, root respiration rate and root lifespan (Fig. 1) . Similar to leaf traits in the LES, it is expected that SRL reflects the root uptake area at a given biomass cost; root N content, uptake rate and respiration rate are expected to be associated with net soil resource acquisition rate; and root lifespan reflects the degree of biomass conservation. In both the LES and RES it is expected that most traits (SLA/SRL, N content, photosynthetic/resource uptake rates and respiration rates) will decrease from an acquisitive to a conservative strategy, whereas lifespan will increase (Fig. 1) .
Several studies have assessed the support for the RES hypothesis across tree species. In addition to the five key traits, most of these studies measured root diameter and root C : N ratios, and calculated tissue density (from root length, diameter and mass), although their aboveground parallels (leaf thickness, C : N ratio and tissue density) are less explicitly incorporated in the LES. These additional root traits are expected to increase from the acquisitive to the conservative side of the RES (Fig. 1 ), because they have been found to contribute to root lifespan and thus to resource conservation (Wahl & Ryser, 2000; Gu et al., 2011) : thick roots are sometimes assumed to be long-lived due to their relatively large stele cross-sectional area that protects them from mechanical, herbivore and drought stress, and to have low N content and therefore slow metabolism due to their relatively small cortex area (Eissenstat & Achor, 1999; Wahl & Ryser, 2000; Guo et al., 2008b) . However, the exact mechanisms underlying these correlations between these root traits and root lifespan are not fully clear yet: for example, Kong et al. (2014) demonstrate that thicker roots have a relatively large cortex area, and other anatomical features such as a well-developed exodermis may also drive the longer lifespan of thicker roots (Withington et al., 2006) . In turn, other traits in the RES (e.g. nutrient and water uptake rates, respiration rates, and root lifespan) are measured far less frequently than their aboveground counterparts (i.e. photosynthetic and respiration rates and leaf lifespan).
In order to maintain the functional parallel with leaves, RES studies have examined absorptive rather than transporting roots. These functional groups were initially separated on the basis of their diameter (e.g. all roots < 1 or 2 mm diameter were considered absorptive), but although both traits may be partially correlated, root order rather than diameter has since proved to be a better proxy for root functioning (Pregitzer et al., 2002; McCormack et al., 2015) . We therefore focus mainly on studies that compared all or some of these RES traits (Table S1 ) on first-to third-order roots (first-order roots being the most distal). Because data on root uptake and respiration rate across species are scarce, especially in relation to other root traits, our analysis was restricted to three RES traits: SRL, root N content and root lifespan. As only one study measured both root N content and root lifespan (ValverdeBarrantes et al., 2007) , we related root lifespan to root C : N ratiosfor which more data were available -instead. We also tested for relationships between these RES traits and root diameter, root tissue density and root C : N ratios.
Correlations between root traits are inconsistent
In terms of correlations between root lifespan and other root traits, the RES is little supported by data. As expected from the RES hypothesis, within the individual studies reviewed, the trait most consistently and positively correlated with root lifespan across species is root diameter (Gu et al., 2011; McCormack et al., 2012; Adams et al., 2013; Hansson et al., 2013) , although not in the study by Withington et al. (2006) (Table 1) . Withington et al. (2006) attributed their failure to find significant correlations to the limited variation in root diameter across their study species (in their study it ranged between 0.36 and 0.62 mm across 11 tree species, but in, for example, the study by McCormack et al. (2012) , it ranged between 0.22 and 0.64 mm across 12 tree species). Our meta-level analysis also demonstrated that root diameter was the trait most strongly correlated to root lifespan ( Fig. S1d ; Table S2 ).
In line with the RES hypothesis, the correlation between SRL and root lifespan was negative in the study of McCormack et al. (2012) (Table 1) , as well as in our analysis comprising data from four studies (Figs 2a, S1a; Table S2 ). Similar to the relationship between root diameter and root lifespan, SRL and root lifespan were not significantly correlated in Withington et al. (2006) (Table 1) , because SRL is largely determined by root diameter. In fact, with constant root tissue density, SRL scales inversely with root diameter squared, which has been widely observed across temperate (Withington et al., 2006; Comas & Eissenstat, 2009; Holdaway et al., 2011; McCormack et al., 2012; Eissenstat et al., 2015) , subtropical (Chen et al., 2013; Kong et al., 2014; Liu et al., 2015) and boreal tree species (Ostonen et al., 2007) , and in our meta-level analysis (Table S2 ). As the negative correlations between SRL and diameter largely result from autocorrelation, they may not provide meaningful biological insights into actual RES trade-offs.
We did not find a single study corroborating the positive relationship expected from the RES between the tissue density and lifespan of roots across tree species (Table 1) . McCormack et al. (2012) found no correlation between root tissue density and root lifespan across species, and Withington et al. (2006) even reported a negative relationship. Our meta-level analysis also revealed a significant negative correlation between root tissue density and lifespan, but included these two studies only ( Fig. S1e ; Table S2 ).
Two studies related root lifespan to root C : N ratio instead of root N content, and found a significant positive relationship, supporting the RES hypothesis (Table 1; Withington et al., 2006; McCormack et al., 2012) . Our analysis including data from four studies, however, revealed no significant relationship between root C : N ratio and lifespan (Figs 2b, S1b; Table S2 ), and in a study by Valverde-Barrantes et al. (2007) root N content was unrelated to root lifespan. Only one of the studies reviewed, correlated root respiration rates and root lifespan across tree species, but found no relationship between the two (McCormack et al., 2012) (Table 1 ). Root uptake rate or uptake capacity are hardly -if ever -measured in the context of an RES across several tree species, so few data are available to confirm or refute the position of this trait in the RES. Wells & Eissenstat (2003) concluded from a study on two species that Observed correlations were derived from individual studies that tested the root economics spectrum (RES) hypothesis on more than two tree species. Dashed, horizontal lines represent nonsignificant correlations. NA, no data available across more than two tree species. For only three traits, observed correlations agree with the hypothesis, but in two of those cases, other studies found nonsignificant results as well. Supporting Information Table S1 presents the number of species and the climate zone studied per study. New Phytologist the roots with high maximal uptake rates had a shorter lifespan, which agrees with the predicted RES. Some of the expected correlations between other RES traits were confirmed by data. The positive relationship between root N content and respiration rates -which has a clear physiological basis -has been supported by some studies (Pregitzer et al., 1998; Reich et al., 2008) , but not by others (McCormack et al., 2012; Adams et al., 2013) . Also in line with the RES, a study on 13 tropical tree species found that root respiration decreased with increasing root diameter (and thus increased with increasing SRL) and with increasing root tissue density (Makita et al., 2012) . Our analyses also showed that root N content was significantly negatively correlated with root tissue density, as expected from the RES ( Fig. S1f ; Table S2 ).
Other hypothesised trait correlations of the RES were, however, not supported. For example, when compared with thin roots, thick roots of low SRL did not always have higher tissue densities (Withington et al., 2006; Ostonen et al., 2007; Comas & Eissenstat, 2009; McCormack et al., 2012; Chen et al., 2013; Kong et al., 2014; Eissenstat et al., 2015; Liu et al., 2015) . In contrast to the RES hypothesis, our analysis shows that root tissue density is in fact negatively correlated with root diameter, and not significantly correlated with SRL (Table S2 ). In addition, neither SRL nor root diameter were related to root N content, both within studies (Withington et al., 2006; Comas & Eissenstat, 2009; Holdaway et al., 2011; McCormack et al., 2012; Chen et al., 2013; Kong et al., 2014; Liu et al., 2015; Valverde-Barrantes et al., 2015) and across the studies in our compiled dataset (Figs 2c, S1c,g; Table S2 ). Furthermore, neither root diameter nor SRL were correlated to respiration rates per unit root mass in a study by McCormack et al. (2012) . Comas & Eissenstat (2004) measured P uptake capacity across ten tree species, but they correlated this trait to species' growth rates rather than to other root traits. They reported no difference between fast-and slow-growing species, having assumed that fastgrowing species have an acquisitive strategy whereas slow-growing species have a conservative strategy (Comas & Eissenstat, 2004) . Our further analysis of their data (from table 1 in Comas & Eissenstat, 2004) revealed no significant correlations between P uptake capacity and root N content (Pearson correlation, r = À0.37, n = 10, P = 0.29) or root respiration (Pearson correlation, r = À0.45, n = 10, P = 0.19).
Finally, although not an explicit trait in the RES, it is generally expected that a high root growth rate indicates an acquisitive resource strategy. The few data available on root growth rate do not confirm this hypothesis. Withington et al. (2006) found that high root growth rates were positively correlated with root C : N ratios and tended to be related to high root lifespan (both presumed conservative trait attributes), and Valverde-Barrantes et al. (2007) demonstrated that root growth correlated negatively with root N content. In sum, the reported correlations between root morphological, chemical, physiological traits and root lifespan and growth do not support the RES hypothesis.
Root traits do not necessarily correlate with leaf traits
The hypothesised RES is based on the idea that above-and belowground resource strategies are coordinated (Liu et al., 2010; Reich, 2014) . If this is so, parallel leaf and root traits should be positively correlated, but here too the available evidence is mixed at best. Specific leaf area and SRL were positively related across species in some studies (Withington et al., 2006; Holdaway et al., 2011) but not in others (Chen et al., 2013; Valverde-Barrantes et al., 2015) . The same holds for the correlation between leaf and root N and P content: it was found to be positive in some studies (Kerkhoff et The correlation between SRL and root N content was not significant (r = 0.1, n = 178, P = 0.37) across the data from five references (Pregitzer et al., 2002; Comas & Eissenstat, 2009; Holdaway et al., 2011; Kong et al., 2014; Liu et al., 2015) . Note that data are presented on a logarithmic scale.
2015), but not in Withington et al. (2006) and Chen et al. (2013) . Respiration rates were positively correlated between leaves and roots in tree seedlings in a glasshouse (Reich et al., 1998) . Leaf and root lifespan were found to be uncorrelated by Withington et al. (2006) and McCormack et al. (2012) , but there are few published data on this correlation. To our knowledge, the correlation between root uptake rates and leaf photosynthetic rates has not yet been tested across tree species. When explicitly testing above-and belowground trait spectra across species, Withington et al. (2006) demonstrated that they are not necessarily correlated. For example, Larix decidua -a deciduous conifer -had acquisitive leaf traits (i.e. high SLA, high leaf N content and short leaf lifespan), and in this respect was similar to the other deciduous (but broadleaved) species in the dataset, but it had conservative root traits (i.e. thick roots and long root lifespan) similar to the other (evergreen) conifers (Withington et al., 2006) . A similar outcome was observed in the frankincense tree (Boswellia papyrifera). Compared to Acacia species, Boswellia trees had conservative root traits to retain water and acquisitive leaf traits that enhanced photosynthesis (Birhane et al., 2015) . It can be concluded that leaf resource strategies do not necessarily reflect belowground resource strategies, and that parallel leaf and root traits are not consistently correlated across tree species.
III. Why the one-dimensional resource economics spectrum does not work for tree roots
Neither the empirical studies reviewed, nor our meta-level analysis provide clear evidence for an RES: tree root traits are neither consistently correlated to each other, nor to parallel leaf traits. In contrast to this study on tree roots, the roots of nonwoody plants may follow the patterns expected from the RES. Several studies have demonstrated that across grass and herbaceous species, an acquisitive trait syndrome might exist including roots with a high SRL, N content and respiration rates, vs a conservative trait syndrome including thick, long-lived roots with high tissue density and high C : N ratios Tjoelker et al., 2005; Roumet et al., 2016) . Although these studies acknowledge that tree root trait patterns may differ from the trait correlations observed on herbaceous species (Tjoelker et al., 2005; Roumet et al., 2016) , it so far remains unclear why these trait patterns diverge and which are the main differences between tree and herbaceous root traits, and their functioning.
For tree roots, potential causes for this lack of support for an RES are a lack of data or differences in methodology across studies. For instance, compared to aboveground traits, far fewer tree root data are available, and certain traits, such as nutrient uptake rate, have rarely been measured in trees under field conditions (Lucash et al., 2007) . To illustrate this difference: the plant trait TRY database includes almost 10,000 observations of leaf photosynthetic rates, covering 1666 plant species, whereas the same database includes only 24 observations of root N uptake rates of 11 different species (Kattge et al., 2012) .
In addition, definitions of fine roots differ between studies: they may be based on diameter, order or functioning, which might lead to a bias towards certain categories (e.g. absorptive vs transport fine roots) (Pregitzer et al., 2002; Guo et al., 2008b; Gu et al., 2011; McCormack et al., 2015) . Our root trait analysis also covered studies that defined fine roots as roots smaller than 2 mm diameter (Hansson et al., 2013) , or included first-to fourth-order fine roots (Holdaway et al., 2011) , as well as studies including first-order roots only (e.g. Pregitzer et al., 2002; Adams et al., 2013; Kong et al., 2014; Liu et al., 2015) . Likewise, studies have used different methods to measure root traits: for example, root lifespan has been measured using sequential coring, root ingrowth cores, minirhizotrons and C isotopes, which may lead to different estimates of root lifespan (Majdi, 1996; Gaudinski et al., 2001; Guo et al., 2008a; Strand et al., 2008; Gaul et al., 2009; Brunner et al., 2012) . Nonetheless, such methodological issues cannot explain why individual studies using large numbers of species (e.g. 65 (Chen et al., 2013) or 96 (Kong et al., 2014) tree species) have also failed to find support for an RES. We will now discuss three fundamental differences between leaf and root traits that explain why the fundamental trade-off between resource acquisition and resource conservation, as implied by the LES, is not suitable for a root trait framework. We argue that we need to work towards a multidimensional framework for a classification of root functional traits.
Roots are subjected to multiple constraints
With regard to resource uptake, leaves are adapted for maximising light capture while reducing resource loss by herbivores (Fig. 3) , whereas differentiation for CO 2 uptake is limited, as this resource is predictably available throughout the canopy. Roots face a more complex optimisation puzzle, in the first place because they need to acquire water and c. 15 essential minerals from the soil, and the distribution of these resources can be highly variable within the soil matrix. Depending on their mobility, different nutrients require different traits if their uptake is to be maximised. For example, the acquisition of a mobile nutrient such as nitrate can be optimised by an enhanced SRL or the capacity to proliferate in resource-rich patches, whereas immobile nutrients such as P may require high root hair density, prolific root branching, or mycorrhizal symbiosis (Comas et al., 2012) . This implies that traits considered acquisitive for the uptake of one particular resource are not necessarily acquisitive for the uptake of another. Therefore, root trait attributes cannot a priori be defined as acquisitive or conservative, because the simultaneous uptake of different resources may be optimised by different traits, depending on the most limiting resource.
In addition to the multiple resources belowground, other environmental components, such as soil texture and chemistry, may present additional limits to root traits that are not present aboveground (Fig. 3) . For example, roots with a small diameter and high SRL are predicted to be efficient at acquiring resources, but may not develop when unfavourable soil structure impedes the formation of thin roots, because thin roots cannot easily penetrate dense soils (Clark et al., 2003) . Physical forces may thus constrain resource acquisition traits, a limitation not encountered by leaves. Indeed, soil compaction resulted in larger root diameter and reduced the SRL of tree seedlings (but did not affect root tissue density) (Bejarano et al., 2010; Alameda & Villar, 2012 ) in the soil solution leads to larger root diameter in tree seedlings (Hirano & Hijii, 1998) . Such diameter increases are caused by reduced apical growth and associated changes in cell differentiation and growth (Schier, 1985; McQuattie & Schier, 1990) . These additional constraints to root traits do not directly operate in an LES, and imply that root traits result from a variety of trade-offs not present in an RES (Fig. 3) .
Leaf and root traits are not functional analogues
The RES comprises root traits that are considered analogues of the key leaf traits in the LES (see Fig. 1 ). However, in contrast to leaves, in roots the links between these traits and resource uptake are not well established. For example, SLA plays an important role in the LES because it directly links photosynthetic rates (by mesophyll packing), to Rubisco content and therefore to leaf N content (Niinemets & Sack, 2006) . Analogously, SRL should have a similar key position in the RES, but our review and data analysis provide little evidence for relationships between SRL and root N content or nutrient uptake rates.
Furthermore, in contrast to photosynthetic rates, root uptake rates are hardly ever measured in trees in forests. As a consequence, we simply do not know whether this trait is as relevant to soil resource acquisition as are photosynthetic rates to light acquisition and C fixation. In fact, there are indications that root uptake rates are not as strongly related to root N content as is the case for leaves: the fraction of N represented by the enzymes involved in ion uptake is small compared to the photosynthetic N involved in leaf C assimilation. In addition, uptake rates of (immobile) nutrients may not be limited by the number of nutrient uptake transporters, but by the availability of nutrients in the soil matrix. Thus, the relationships between key traits and resource uptake will therefore be different for roots compared to leaves (Chen et al., 2013) , and cannot be directly deduced from the tight links between leaf traits and light acquisition as demonstrated in the LES.
At the same time, root traits that are currently not included in the RES may turn out to be key for explaining differences in resource uptake and performance across species. Aboveground, light acquisition is clearly associated with one trait syndrome, whereas belowground there are multiple resource uptake strategies, reflected by root traits that do not always have aboveground equivalents (Comas & Eissenstat, 2009; Comas et al., 2012; Chen et al., 2013; Kong et al., 2014; Eissenstat et al., 2015; Liu et al., 2015) . For example, plants have developed several adaptations to low P availability, including an increased number of superficial adventitious roots, enhanced SRL, greater root biomass and/or root length density, longer and/or denser root hairs, increased exudation of carboxylic acids, and the formation of cluster roots (Lambers et al., 2006; Lynch & Brown, 2008) . Recent studies Liu et al., 2015) also identified the mycorrhizal pathway as a complementary strategy to forage for soil resources, particularly for species with relatively thick absorptive roots (further discussed in the next section). So, plant resource acquisition belowground depends on root traits and associated mycorrhizal fungi that are largely not included in the RES.
Furthermore, phylogenetic conservatism may be stronger for roots than for leaves (Comas & Eissenstat, 2009; Chen et al., 2013) . Recently, Valverde-Barrantes et al. (2015) found little support for an RES, and demonstrated that variation in root traits across 34 tree species was more strongly driven by common ancestry. By contrast, leaf trait variation was not phylogenetically structured, and did match the LES (Valverde-Barrantes et al., 2015) . Kong et al. (2014) also observed strong phylogenetic conservatism of root traits, particularly those related to root diameter and mycorrhizal symbiosis (e.g. root diameter, cortex area and mycorrhizal colonisation rate). They suggest that species with thicker first-order roots compensate for their relatively low absorptive area by hosting more (arbuscular) mycorrhizal fungi to enhance the soil volume available (Kong et al., 2014) .
Such strong phylogenetic signals acting on root traits may explain why the RES is more strongly supported by data collected from more closely related than distant species (e.g. Comas & Eissenstat, 2009; McCormack et al., 2012) . The study by Withington et al. (2006) , for example, included largely distant species (i.e. conifers and hardwood species) and the authors did not correct for phylogenetic background in their root trait correlations. Controlling for phylogenetic structure may thus be important to identify the drivers of root trait distributions, but it should also be Fig. 3 Towards a multidimensional root trait framework. Leaf traits are coordinated along a one-dimensional axis, driven by resource availability (light and CO 2 ) and herbivory. By contrast, root traits are determined by more environmental constraints, including availability of different resources (water and different nutrients represented by blue circles), soil chemistry and structure (black circles), mycorrhizal fungi (red circles; top-left, arbuscular mycorrhiza; bottom-right, ectomycorrhiza), and herbivory (green circles).
noted that two studies that explicitly took phylogenetic structure into account found only little support for the RES (Chen et al., 2013; Valverde-Barrantes et al., 2015) .
Mycorrhizal interactions offset selection for an RES
Belowground resource uptake is not solely determined by root traits, because almost all tree species rely heavily on the mycorrhizal pathway. The mycorrhizal uptake mechanism has no parallel aboveground and is not incorporated in the RES hypothesis. Reich (2014) proposed that a larger dependency on (or responsiveness to) mycorrhizal symbiosis represents a conservative strategy, because it correlates with conservative root traits (e.g. large diameter, long lifespan and low SRL). Furthermore, within the mycorrhizal plants, ectomycorrhizal plant species are considered more conservative than arbuscular mycorrhizal plant species, because they occur predominantly in nutrient-poor ecosystems that select for conservative strategies (Read, 1991; Cornelissen et al., 2001) . However, Koele et al. (2012) observed that ectomycorrhizal and arbuscular mycorrhizal plant species had similar leaf nutrient concentrations (a key trait in the LES), when comparing sister clades with arbuscular mycorrhiza and ectomycorrhiza. Furthermore, Comas et al. (2014) reported smaller root diameters for ectomycorrhizal trees than for arbuscular mycorrhizal trees, whereas Kubisch et al. (2015) observed no differences in root morphological traits between arbuscular mycorrhizal and ectomycorrhizal tree species. These studies thus contradict the assumption that mycorrhizal or ectomycorrhizal dependency represents a conservative uptake strategy.
Despite the potential confounding effects of mycorrhizal type, the evidence for an RES within mycorrhizal types is also unclear. For example, species with thicker absorptive roots have been suggested to be more dependent on and responsive to arbuscular mycorrhizal symbiosis than species with thinner roots, because these roots are less efficient in nutrient uptake (Brundrett, 2002; Smith & Read, 2008; Kong et al., 2014; Eissenstat et al., 2015; Liu et al., 2015; ValverdeBarrantes et al., 2016) . However, a recent meta-analysis by Maherali (2014) showed that in terms of growth, plants with relatively thin roots benefited as much from mycorrhizal colonisation as plants with thick roots. These findings suggest that, even across species within a mycorrhizal type, root traits and their mycorrhizal dependency may not be consistently coordinated along an RES.
Mycorrhizal interactions partly explain why parallel trait syndromes are not coordinated between plant organs. As illustrated above by Larix and Boswellia trees, plants can have an acquisitive strategy aboveground and what is generally considered a conservative strategy belowground (Withington et al., 2006; Birhane et al., 2015) . The latter trait syndrome (i.e. thick and long-lived roots) may stimulate mycorrhizal symbiosis by supporting more mycorrhizal fungal colonisation per unit root length (Comas et al., 2002) , and by sustaining these fungi for longer (Bauhus & Messier, 1999) . Consequently, these root traits may also be associated with high soil resource acquisition via mycorrhizal extraradical hyphae that can efficiently exploit the soil (Smith & Read, 2008) , in order to maintain high photosynthetic rates. Therefore, mycorrhizal root trait attributes cannot necessarily be categorised as an acquisitive or conservative resource strategy, nor be deduced from aboveground traits.
Finally, it should be noted that the potentially large impacts of mycorrhizal fungi on root traits (e.g. increasing root lifespan; King et al., 2002) , may further confound root trait data and correlations. Moreover, these effects differ between ectomycorrhizal and arbuscular mycorrhizal roots, and between fungal species. For example, Ouimette et al. (2013) reported that 36-54% of the total root N content of ectomycorrhizal Larix trees was in fact attributable to fungal tissue, compared to only 5-10% of arbuscular mycorrhizal Fraxinus trees. Also, different mycorrhizal fungal species were observed to have different effects on root length and diameter in both ectomycorrhizal and arbuscular mycorrhizal trees (Berta et al., 1995; Van der Heijden & Kuyper, 2003; Ostonen et al., 2009) . This implies that root trait data cannot be interpreted without considering their mycorrhizal associations, possibly even at the fungal species level. To conclude, the mycorrhizal symbiosis cannot be incorporated accurately in the RES; rather, it calls for a different and multidimensional framework that allows the diversity of belowground uptake mechanisms to be recognised Liu et al., 2015) .
IV. Outlook
Based on our analysis of the literature and their data, we argue that an root economics spectrum (RES) likely does not exist parallel to a leaf economics spectrum (LES): a single acquisition-conservation axis cannot capture the variety of belowground mechanisms and tradeoffs that drive differences in resource acquisition and plant performance across species (Fig. 3) . Alternatively, a multidimensional root trait framework may better accommodate and explain the variation in root traits observed across species (see also McCormack et al., 2012; Kong et al., 2014; Eissenstat et al., 2015; Liu et al., 2015) . Below, we will discuss three objectives that can contribute to establishing such a framework: (i) capturing the complexity of the soil environment, (ii) linking root form and function, and (iii) incorporating the diversity and trade-offs in belowground resource uptake strategies, including the mycorrhizal pathway. Finally, compiling large root trait datasets are important in developing a multidimensional root trait spectrum covering a wide range of species and biomes.
First, the complexity of the soil environment, which presents a variety of constraints to root trait variation, is a clear argument to move towards a new multidimensional root trait framework. This complexity results largely from the multiple critical soil resources (i.e. water, macro-and micronutrients) that affect plant performance. There are fundamental differences between the availability and uptake of water and of nutrients, and also between nutrients of different mobility. Therefore, root traits cannot be positioned along one single axis of resource availability, calling for a multidimensional framework instead. In addition, structural (e.g. soil compaction) and chemical (e.g. soil pH) soil properties further confound root trait variation, and may further explain why root traits are not always optimally adjusted to soil resource acquisition alone, and therefore deviate from the RES hypothesis. We argue that in order to understand divergent uptake strategies across species and environments, root trait variation should be studied along multiple soil resource axes and in relation to soil structural and chemical characteristics. 
New Phytologist
Second, an alternative root trait framework should be established from a mechanistic perspective to identify functional root traits in relation to plant resource uptake. We stress that studying the anatomy of fine roots can contribute strongly to establishing such a mechanistic link between root form and function. For example, determining whether roots consist of a relatively large cortex or stele area may reveal the metabolic functioning and structural composition of such roots (Guo et al., 2008a) , and can help to explain why traits such as SRL and root N content are not correlated as expected from the RES hypothesis (Kong et al., 2014) . Moreover, root anatomical properties have been found to relate to root lifespan (e.g. a thick exodermis associated with long-lived roots; Withington et al., 2006) and to (arbuscular) mycorrhizal colonisation (e.g. a high stele: root diameter ratio indicating low fungal colonisation; ValverdeBarrantes et al., 2016) . Finally, root anatomical features have proven indicative of the functioning of a fine root (i.e. absorptive or transporting) and can be used to ensure that functionally similar roots are compared across species (McCormack et al., 2015) .
Furthermore, although challenging, more data are required to test the functionality of individual root traits and their relationships with other root traits. We realise that particularly root uptake rates, respiration and lifespan are difficult to measure, especially on large trees in forests. Using relatively easy-to-measure proxies could be useful in linking root traits to each other, and ultimately to plant performance and ecosystem processes. Indeed, both the individual studies reviewed and our analysis suggest that root diameter may be a relatively reliable proxy of other root lifespan (Tables 1, S2 ; Fig. S1d ), although it should also be considered that traits can be better explained by a combination of other root traits, than by a single one (McCormack et al., 2012) . For root respiration and uptake capacity, however, it is too early to agree on using a general proxy such as root N content, because data are few and inconsistent. Consequently, more mechanistic studies are needed to clarify the functionality and relevance of specific root traits in resource uptake, and to determine whether reliable proxies can be used instead.
Third, to incorporate the various belowground uptake strategies adopted by different species, the current RES traits set is incomplete. For example, root architectural traits commonly associated with resource uptake, such as root length density, root hair length and density (e.g. Holdaway et al., 2011) , and branching (e.g. Chen et al., 2013; Comas et al., 2014; Kong et al., 2014; Liu et al., 2015) are lacking. The importance of including them is illustrated by Kong et al. (2014) , who demonstrated that root branching traits (e.g. branching ratio, the number of first-order roots relative to the number of second-order roots) represent an additional dimension of root trait variation, independent from the acquisition-conservation spectrum. Species can enhance root resource uptake not only by producing thinner roots of high SRL as predicted by the RES, but also by enhancing root length or root branching to rapidly exploit resource-rich patches (Kong et al., 2014) . Therefore, it is important to include these additional traits simultaneously in order to explain root trait variation across species.
In particular, mycorrhizal interactions present an additional and complex but crucial uptake strategy for most plant species (Comas et al., 2014; Eissenstat et al., 2015; Liu et al., 2015) . Mycorrhizal fungi affect the availability of soil resources and interfere with root traits, and may contribute to differential resource uptake and performance across species. Identifying the mycorrhizal type is an important first step, but this classification does not necessarily reflect a particular resource strategy, nor does it consistently explain root trait attributes. Determining fungal exploration types based on their morphology (e.g. extraradical hyphae and rhizomorphs; Agerer, 2001) , and quantifying mycelium abundance (Wallander et al., 2001 Ekblad et al., 2013) may further reveal the role of mycorrhizal fungi in soil exploration and exploitation capacities of different tree species. Recent studies have extended the functional trait approach to mycorrhizal fungi (Koide et al., 2013; AguilarTrigueros et al., 2015; Fernandez & Kennedy, 2015) , for example by measuring the fungal enzyme spectrum -related to plant resource availability -and linking this to resource acquisition (Aguilar-Trigueros et al., 2015) . Such steps have the potential to identify the relevant traits that reflect how mycorrhizal fungi interact with tree roots and resource uptake for different species, and across multiple soil resource gradients.
Large, world-wide root trait datasets are needed to detect generic root trait patterns across a variety of species and genera, and biomes (e.g. Chen et al., 2013; Roumet et al., 2016) , as they have for leaves (e.g. the TRY database; Kattge et al., 2012) . Compiled datasets from different studies should, however, preferably maintain the same definition of fine roots, apply consistent and comparative methods of sampling and analyses, quantify their soil environment and measure functionally relevant root traits. Such large-scale root trait datasets simultaneously allow us to test phylogenetic effects and apply phylogenetic corrections, and (soil) environmental and climate effects on root traits, which may explain a large part of their variation. Consequently, their establishment offers a crucial step in examining and establishing the different axes that together comprise a multidimensional root trait spectrum, and potentially link these axes to plant performance and ecosystem functioning.
Supporting Information
Additional Supporting Information may be found online in the Supporting Information tab for this article: 
